We investigated the roles of sodium-calcium exchange, sarcoplasmic reticulum, and mitochondria in Ca! homeostasis in cultured chick ventricular cells. Specifically, the influence of low sodium medium on contractile state, calcium fluxes, and cytosolic free [Ca] ([Ca],) was examined. [Ca], was measured using fura-2. Mean [Ca], in control medium was 126 ± 14 nM. Exposure of cells to sodium-free or sodium-and calcium-free medium (choline-substituted) resulted in contracture development, which returned toward the baseline level over 2-3 minutes. The Na o -free contracture was associated with a tenfold increase in [Ca] | (1,280 ± 110 nM) followed by a gradual decrease to a level fourfold above control [Ca], (460 ± 58 nM). Na o -and Ca o -free contracture was associated with a fivefold increase in [Ca]| (540 ± 52 nM) followed by a rapid decrease to below 80 nM. Sodium-free medium failed to produce an increase in [Ca]j or contracture in cells preexposed to calcium-free medium, although caffeine, when subsequently added to sodium-and calcium-free medium, was able to elicit a transient increase in [Ca], and contracture. Brief, 5-second preperfusion of cells with La 3+ (1 mM) or EGTA (1 mM) abolished the Na o -free contracture and the increase in [Ca],. In the presence of 20 mM caffeine, removal of Na 0 resulted in minimal changes in the resting position of the cell although 45 Ca uptake and [Ca]; were increased in response to sodium-free medium; the subsequent decrease in [Ca]; was greatly slowed. Addition of caffeine during the relaxation phase of the sodium-free contracture produced an additional transient contracture and transient increase in [Ca],. Ryanodine (1 /xM) abolished this effect of caffeine. Caffeine or ryanodine abolished Na 0 -and Ca-free contracture. CCCP (2 JUM), a potent oxidative phosphorylation inhibitor, did not significantly affect calcium efflux rate. In the presence of 2 /xM CCCP, removal of sodium resulted in an augmented contracture signal and a rise in [Ca],, followed by a slow decrease. We conclude that removal of extracellular sodium enhances transsarcolemmal entry of calcium via sodium-calcium exchange, but this effect alone does not lead to the development of sodium-free contracture. Calcium displaceable by lanthanum or EGTA appears to contribute to Na o -free or Na o -and Ca ( -free contracture. Studies using caffeine and ryanodine suggest that removal of Na 0 leads to release of calcium from the sarcoplasmic reticulum (presumably via calcium-induced calcium release). The released calcium appears to be taken up by both mitochondria and sarcoplasmic reticulum and is in part extruded by the ATP-dependent sarcolemmal calcium pump, causing spontaneous relaxation. (Circulation Research 1987;61:29-41) C alcium and sodium ions play a central role in excitation-contraction coupling in heart muscle Calcium interaction with troponin C is essential for the activation of contractile elements, while sodium alters cellular calcium content and cytosolic calcium activity by sodium-calcium exchange across the cardiac sarcolemmal membrane. pendent changes in calcium movements via sodiumcalcium exchange, the low Na o or Na o -free contracture has been attributed primarily to calcium influx via sodium-calcium exchange. This is further substantiated by the dependency of tension development on [Na] o . However, several lines of evidence suggest that in addition to sodium-calcium exchange, intracellular calcium storage sites in the sarcoplasmic reticulum and/or mitochondria may be involved in regulating the development and maintenance of sodium-free contracture. Marked reduction of Ca 0 failed to abolish sodiumfree contracture development in frog atrial muscle." Exposure to high concentrations of caffeine, which cause release of calcium from sarcoplasmic reticulum, produced a potentiation of low sodium contracture and no measurable change in [Ca], in ferret ventricular muscle 15 but a large increase in [Ca], in sheep heart Purkinje fibers. Metabolic inhibitors such as cyanide and 2-deoxyglucose abolished the spontaneous fall in tension and [Ca], during sodium-free exposure, indicating the energy dependency of the relaxation process. These studies suggest that sarcoplasmic reticulum and mitochondria play an important part in the control of [Ca| and hence in contracture development and subsequent relaxation during low Na 0 exposure. The roles of these intracellular organelles in control of by guest on
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We investigated the roles of sodium-calcium exchange, sarcoplasmic reticulum, and mitochondria in Ca! homeostasis in cultured chick ventricular cells. Specifically, the influence of low sodium medium on contractile state, calcium fluxes, and cytosolic free [Ca] ([Ca],) was examined. [Ca] , was measured using fura-2. Mean [Ca] , in control medium was 126 ± 14 nM. Exposure of cells to sodium-free or sodium-and calcium-free medium (choline-substituted) resulted in contracture development, which returned toward the baseline level over 2-3 minutes. The Na o -free contracture was associated with a tenfold increase in [Ca] | (1,280 ± 110 nM) followed by a gradual decrease to a level fourfold above control [Ca] , (460 ± 58 nM). Na o -and Ca o -free contracture was associated with a fivefold increase in [Ca] | (540 ± 52 nM) followed by a rapid decrease to below 80 nM. Sodium-free medium failed to produce an increase in [Ca]j or contracture in cells preexposed to calcium-free medium, although caffeine, when subsequently added to sodium-and calcium-free medium, was able to elicit a transient increase in [Ca] , and contracture. Brief, 5-second preperfusion of cells with La 3+ (1 mM) or EGTA (1 mM) abolished the Na o -free contracture and the increase in [Ca] ,. In the presence of 20 mM caffeine, removal of Na 0 resulted in minimal changes in the resting position of the cell although 45 Ca uptake and [Ca] ; were increased in response to sodium-free medium; the subsequent decrease in [Ca] ; was greatly slowed. Addition of caffeine during the relaxation phase of the sodium-free contracture produced an additional transient contracture and transient increase in [Ca] ,. Ryanodine (1 /xM) abolished this effect of caffeine. Caffeine or ryanodine abolished Na 0 -and Ca-free contracture. CCCP (2 JUM), a potent oxidative phosphorylation inhibitor, did not significantly affect calcium efflux rate. In the presence of 2 /xM CCCP, removal of sodium resulted in an augmented contracture signal and a rise in [Ca] ,, followed by a slow decrease. We conclude that removal of extracellular sodium enhances transsarcolemmal entry of calcium via sodium-calcium exchange, but this effect alone does not lead to the development of sodium-free contracture. Calcium displaceable by lanthanum or EGTA appears to contribute to Na o -free or Na o -and Ca ( -free contracture. Studies using caffeine and ryanodine suggest that removal of Na 0 leads to release of calcium from the sarcoplasmic reticulum (presumably via calcium-induced calcium release). The released calcium appears to be taken up by both mitochondria and sarcoplasmic reticulum and is in part extruded by the ATP-dependent sarcolemmal calcium pump, causing spontaneous relaxation. (Circulation Research 1987;61: [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] C alcium and sodium ions play a central role in excitation-contraction coupling in heart muscle Calcium interaction with troponin C is essential for the activation of contractile elements, while sodium alters cellular calcium content and cytosolic calcium activity by sodium-calcium exchange across the cardiac sarcolemmal membrane. 1 7 It is generally agreed that an increase in [Na], augments [Ca] , via sodium-calcium exchange. 8 " 10 Decreases in [Na] 0 favor outward sodium movement and also augment calcium influx via sodium-calcium exchange." Such increases in calcium influx via sodium-calcium exchange are intimately related to augmented contractile state as a consequence of greater myofibrillar activation. 12 '"
Moderate reductions in [Na] 0 produce a positive motropic response, while a large step reduction in [Na] ,, or complete [Na] 0 removal causes contracture development." 1415 Due to well-characterized sodium-de-
[Ca], during low sodium contracture, however, are not fully understood.
In the present study, we have examined the roles of sodium-calcium exchange, sarcoplasmic reticulum, and mitochondria in calcium homeostasis with particular reference to the development of sodium-free contracture and subsequent spontaneous relaxation in cultured chick ventricular myocytes. Major issues addressed include 1) the role of sodium-calcium exchange and membrane-bound calcium in the development of sodium-free contracture, 2) the involvement of the sarcoplasmic reticulum in calcium-induced calcium release and calcium sequestration following exposure to sodium-free medium in a preparation known to have intact functional sarcoplasmic reticulum, and 3) the contribution of mitochondria to the control of cytosolic free [Ca] and modulation of sodium-free contracture
Materials and Methods

Tissue Culture
Monolayer cultures of spontaneously contracting chick embryo ventricular cells were prepared as previously described. 16 Briefly, hearts of 10-day-old chick embryos were removed and placed in Ca 2+ -and Mg
2+
-free Hanks' solution (Gibco Laboratories, Grand Island, N. Y.). Ventricular tissue was cut into small fragments (less than 0.5 mm 3 ), and individual cells were isolated using 0.025% (wt/vol) trypsin at 37° C. Cell suspensions were placed into 10 ml of cold trypsin inhibitor solution (50% heat-inactivated fetal calf serum and 50% Ca 2+ -free Hanks' solution) This cell suspension was centrifuged at 400g for 10 minutes. The pellet was resuspended in culture medium containing 60% heat-inactivated fetal calf serum, 40% M199 with Hanks' salts, 0.1 % penicillin-streptomycin solution, and 54% balanced salt solution. Balanced salt solution contained (in mM) NaCl 116, NaH 2 PO 4 1.0, MgSCyH 2 O 0.8, KC1 1.18, NaHCO 3 26.2, CaCl+ 2 0.87, and glucose 5.5. The final concentrations of K, Na, and Ca in culture media were 4.0 mM, 137 mM, and0.97 mM, respectively, unless otherwise noted. The cell suspension was diluted to 5 X 10 cells/ml and placed in Falcon plastic culture dishes (100 x 20 mm) containing 25-mm circular glass coverslips. Cultures were incubated in a humidified 5% CO 2 -95% air atmosphere at 37° C. Confluent monolayers in which an estimated 80% of cells exhibited spontaneous synchronous contractions developed by 3 days of incubation.
Contractility Measurements
Changes in the contractile state of individual cells in the monolayers were assessed using an optical-video system as previously described 16 A glass coverslip with attached monolayer of cultured cells was continuously superfused in a chamber on the stage of an inverted phase contrast microscope with HEPES buffer solution (pH 7.35) containing (in mM) HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid) 5, CaCl 2 0.9, KC14.0, NaCl 140, and Mg Cl 2 0.5 at a rate of 2 ml/min A constant temperature of 37° C was maintained by enclosing the microscope in a thermostatedLucitebox. Following a 15-minute equilibration period, cells were superfused with the desired solution Changes in the amplitude of motion were monitored for 1 cell from each coverslip. To assess the rapidity of perfusion solution change, the resistance of a microelectrode whose tip was placed in the perfusion chamber during change of 2 M NaCl solution to or from one containing 200 mM NaCl was measured. The increase or decrease of resistance caused by changes of perfusion solution as employed in our experiments was complete usually well within 3 seconds. This indicates that changes of solution perfusing a given cell are rapid relative to the time course of changes in contractile behavior.
Since contracture strength cannot be assumed to be directly proportional to the changes in end-diastolic position of a cell, the comparisons of the contracture produced in different cells were made only in terms of shifts in the end-diastolic position. In some experiments, 1 (LtM atropine was included to block any possible effect of choline on muscarinic cholinergic receptors. Atropine had no discernible influence on sodium-free contractures.
Cytosolic Free Ca, Measurements
Intracellular free calcium ([Ca],) was measured using the calcium-sensitive fluorescent dye fura-2. 17 Cells grown on rectangular glass coverslips were loaded with 1-2 /J,M fura-2 AM in culture medium for 20 minutes at 37° C. The cells were then washed for 2-3 minutes in HEPES-buffered medium to remove extracellular and bound dye and placed into a quartz cuvette, which was then placed into the cuvette holder of a SPEX fluorolog-2 instrument (Edison, N.J.) equipped with a magnetic stirrer and temperature control. Fura-2 fluorescence was measured at 340 nm and 380 nm (excitation) using a rotating chopper mirror (15 Hz) and at 505 nm (emission). Rapid change of the perfusion medium was done by aspirating off the entire old medium and quickly adding new medium. The fluorescence signals from the 2 excitation wavelengths were obtained once every 500 msec and stored in separate memories of a SPEX Datamate microcomputer. At the end of the experiment, background autofluorescence from the cells not loaded with fura-2 were subtracted from the original signals. Using the microcomputer, 340-nm signal was divided by 380-nm signal and a fluorescence intensity ratio (340:380) was obtained from each experiment.
To calculate the actual [Ca] , an in vivo calibration of fura-2 signals was done in the following manner. Cells were loaded with fura-2 and placed into the cuvette in the manner described above Standard calcium solutions ranging from 10 nM to 1 fiM, prepared according to the methods described by Fabiato and Fabiato, the fluorescence ratio (340:380) was obtained at various [Ca] o values after subtracting the background fluorescence observed in the absence of fura-2 in the cells. This concentration of lonomycin did not allow fura-2 to leak out of the cells. The plot of [Ca] of the standard solutions vs. fluorescence ratio (340:380) showed a smooth s-shaped curve ICa] was then read off the curve from the given fluorescence ratio. Fura-2 AM at 1-2 fj i M decreased the amplitude of cell motion by 20-30% and had no effect on beat rate Thus, our fura-2 loading procedure may cause slight lowering of [Ca] ,, assuming that fura-2 does not affect the calcium sensitivity of contractile proteins. Higher concentrations of fura-2 AM (5 ixM) caused a marked decrease in the contractile state and, therefore, were never used. Since fura-2 present inside the cell has a small effect on the amplitude of cell motion, one might also expect an increase in intracellular calcium buffering, and cell motion changes may be slightly underestimated
Ca Uptake, Efflux, and Content Measurements
For measurements of 45 Ca fluxes and content, monolayers of cells attached to glass coverslips were prelncubated in appropriate medium containing tracer amounts of 45 Ca (5 jiiCi/ml) for designated periods of time. Coverslips were removed from the holder in the incubation bath and each were washed quickly for 8 seconds in two 80-ml volumes of HEPES solution at 2-4° C. Cells were then scraped off the coverslips and dissolved for 2 hours in 2 ml of solution containing 1% sodium dodecyl sulfate and 10 mM sodium borate Aliquots of solution containing dissolved cells were assayed for radioactivity and protein content. For determination of cellular calcium content, cells were incubated to steady state in medium containing 45 Ca for 2 hours before washing as described above.
For calcium-efflux experiments, coverslips with attached cells were first preincubated in HEPES-buffered solution (pH 7.35) for 5 minutes and then further incubated in solution containing 45 Ca for 2 hours. The coverslips were then quickly removed and immersed in efflux medium at 37° C containing no 45 Ca. After desired efflux periods, cells were removed and washed, and 45 Ca content in the cells was assayed as described above.
Cell Density Correction
To normalize for cell density on each coverslip, the monolayers were grown in L- [4, 
Results
Effect of Sodium-Free or Sodium-and Calcium-Free Medium on Contractile State
Calcium influx in cardiac muscle is believed to occur via 2 specific pathways: slow calcium channels and sodium-calcium exchange. Absence of sodium in the extracellular medium results in a reversal of the normal sodium gradient and is proposed to be the primary factor that augments calcium influx (via sodium-calcium exchange) and, consequently, causes development of contracture. The role of this process in the control of cytosolic free calcium ([Ca]j) and development of contracture during exposure of cells to sodium-free medium was further examined.
The effect of exposure of cultured chick ventricular cells to sodium-free medium or to sodium-and calcium-free medium on contractile state was investigated first. As has been reported previously in several types of cardiac muscle, 3 -^ 14 cells rapidly developed (within 5 seconds) a contracture (sustained shift in the end-diastohc position) on exposure to sodium-free (sodium substituted with choline) HEPES-buffered solution and gradually relaxed over 2-3 minutes toward a steady state slightly above their baseline position (Figure 1 ) Under identical conditions, the rate of 45 Ca uptake was significantly increased when cells were abruptly exposed to sodium-free medium ( Figure 2 ). As shown in Figure 1 , steady state [Ca], was approximately 126 ± 14 nM. Exposure to sodium-free medium produced a rapid increase in [Ca] , to 1280 ± 110 nM followed by a gradual decrease as judged by the fura-2 signal. Steady state [Ca] , in sodium-free medium was 460 ± 58 nM On exposure to sodium-and calcium-free medium containing 0.1 mM EGTA, cells also developed a contracture and subsequent relaxation toward their initial baseline position ( Figure 1 ) The contractures produced by sodium-and calcium-free media were smaller (i.e., the shifts in the end-diastolic position were less) than those produced by sodium-free medium alone The relaxation that occurred subsequent to the contracture was more rapid in sodium-and calciumfree medium, and complete relaxation was observed within 1 minute. Experiments with fura-2 ( Figure 1 ) showed that exposure of cells to sodium-and calciumfree medium also initially increased [Ca] , to 540 ± 52 nM, followed by a decrease to below baseline more rapid than that observed in sodium-free medium with 0.9 mM Ca 0 present. Therefore, the magnitude of the [Ca], elevation was significantly smaller than that seen with sodium-free medium in the presence of Ca 0 .
urn OCa
The possibility that a small amount of calcium that may be present at sites associated with the cell surface after brief exposure to nominally calcium-free medium could enter the cell and cause an increase in [Ca] , by releasing additional calcium from intracellular calcium stores was considered. To test this hypothesis, cells were exposed to calcium-free medium for 30 seconds and then exposed to sodium-and calcium-free medium. Preexposure of cells to calcium-free medium for 30 seconds prevented development of contracture and also prevented the increase in [Ca], when Na 0 was subsequently removed. When caffeine, an agent believed to cause release of calcium from the sarcoplasmic reticulum (SR), was added to the sodium-and calcium-free medium, a transient contracture and increase in [Ca] , developed ( Figure 3 ), indicating that sufficient calcium was still present in the SR to cause these effects even after perfusion in calcium-free medium. These results indicate that the contracture produced by sodium-and calcium-free medium was not caused by entry of extracellular calcium from the bulk surrounding medium. The most likely sequence would seem to be the transsarcolemmal movement of calcium from sources associated with cell surface constituents, 
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FIGURE 2 Effect of Na
Effect of Lanthanum and EGTA on Sodium-Free Contracture
The possibility that contractures produced by exposure of cells to sodium-and calcium-free medium involve calcium associated with cell surface sites was explored further. To displace or chelate surface-bound calcium, cells were exposed to media containing 1 mM La or 1 mM EGTA for 5 seconds Cells were then exposed to sodium-free, or sodium-and calcium-free medium containing 1 mM La or 1 mM EGTA. As shown in Figure 4 , lanthanum or EGTA (data not shown) brought the cells within a few beats to a quiescent state. Lanthanum exposure did not significantly lower [Ca] ,, but EGTA rapidly reduced [Ca] , to below 10 nM. Exposure of cells to sodium-free or sodiumand calcium-free medium in the presence of lanthanum or EGTA after brief preexposure (5 seconds) to these agents failed to elicit a [Ca], elevation or a contracture in each of 6 preparations so studied However, addition of caffeine in the presence of lanthanum resulted in transient contracture development and increase in [Ca] , (Figure 4 ). These results indicate that lanthanum did not deplete calcium in the SR or the ability of this organelle to release calcium and support the view that calcium associated with cell surface sites (lanthanumdisplaceable calcium) is necessary to permit contracture development during exposure to sodium-and calcium-free medium.
As shown in Figure 4 , when initial lanthanum exposure was simultaneous with sodium replacement with choline, lanthanum failed to inhibit the rise in free [Ca] , (490 ± 30 nM) and the development of contracture. Similarly, an increase in free [Ca] , (220 ± 20 nM) and contracture also occurred when both sodium and calcium were removed at the same time that lanthanum was added. Although lanthanum almost completely blocked calcium release and the development of Na o -free contracture. The source of calcium sufficient to produce Na o -and Ca o -free contracture, however, cannot be the bulk extracellular medium. Therefore, it is likely that in sodium-free, calcium-containing medium, at least part of the change in the [Ca] , and end-diastolic position is produced by factor(s) other than the bulk extracellular calcium. It appears that extracellular calcium does act to augment the increase in |Ca], and the shift in end-diastolic position of the cell in response to sodium removal 
Effect of Dichlorobenzamil on Sodium-Free Contracture
The amiloride derivative dichlorobenzamil has been shown to inhibit sodium-dependent calcium uptake in sarcolemmal vesicles from guinea pig heart 20 Since lanthanum has been reported to affect intracellular calcium release in addition to inhibition of sarcolemmal sodium-calcium exchange, 21 the effect of dichlorobenzamil on zero Na o -induced contracture as an additional means to delineate the mechanisms underlying the phenomena observed was tested. In the presence of 50 dichlorobenzamil, a concentration that maximally inhibits Na,-dependent calcium uptake 22 as well as calcium efflux, cells became quiescent without significant changes in [Ca] ,. These cells developed contracture on abrupt exposure to sodium-free medium ( Figure 5 ). The relaxation phase was prolonged markedly by dichlorobenzamil and in some experiments, cells remained in contracture with no sign of relaxation for as long as 10 minutes. Experiments with fura-2 showed that sodium-free medium produced a sustained increase in [Ca] , in the presence of dichlorobenzamil. Similarly, in cells exposed to calcium-and sodiumfree medium in the presence of dichlorobenzamil, contracture occurred followed by slowed relaxation (data not shown).
To confirm the inhibitory action of dichlorobenzamil on sodium-calcium exchange in cultured chick ventricular cells, 45 Ca uptake by the cells following exposure to sodium-free medium was determined in the presence or absence of the drug. As shown in Figure 5 , dichlorobenzamil caused a marked reduction of the 45 Ca influx rate during initial exposure to sodium-free medium. The effect of dichlorobenzamil on the calcium efflux rate was also examined to investigate whether the slowed relaxation that occurred subsequent to the contracture might be due to decreased calcium extrusion. Dichlorobenzamil produced a marked reduction in the rate of 45 Ca efflux from cells previously loaded with 43 Ca when cells were exposed to sodium-free medium containing dichlorobenzamil compared with that when cells were exposed to sodium-free medium alone ( Figure 5 ) Thus, contracture developed in cells exposed to sodium-free medium even in the presence of the sodium-calcium exchange inhibitor dichlorobenzamil, suggesting that calcium flux via sodium-calcium exchange was not required for the development of zero Na 0 contracture. The markedly slowed relaxation phase observed in the presence of dichlorobenzamil, which also inhibits calcium extrusion, suggests that the relaxation of cells is due at least in part to calcium extrusion from the cell across the sarcolemma. Although these data provide some evidence for the ability of cells to develop Na ofree contracture without involving sodium-calcium exchange, it is uncertain whether sodium-calcium exchange indeed is unnecessary due to the nonspecific actions of dichlorobenzamil. The above findings, however, indicate that lanthanum-displaceable calcium, presumably calcium associated with cell surface constituents, is involved in the development of Na ofree contracture.
Effect of Caffeine and Ryanodine on Na o -Free Contractures
To examine further the hypothesis that calcium released from the SR is responsible forNa D -free and Na,,- and Ca o -free contractures, caffeine was employed to deplete the SR of calcium. 2324 Cells first were perfused with 20 mM caffeine to release calcium from sarcoplasmic reticulum and then were exposed to Na 0 -free medium in the continuous presence of caffeine. Caffeine alone decreased both the amplitude of cell motion and the beating rate within 20-30 seconds (Figure 6) , presumably due to rapid removal of calcium that has been released from the SR. In the presence of caffeine, despite the continuing presence of 0.9 mM extracellular calcium, replacement of sodium with choline usually produced no measurable effect on the contractile state, l e., no contracture was observed. In 4 of 13 experiments, a small shift in the end-diastolic position occurred ( Figure 6 ). Similarly, cells exposed to sodium-and calcium-free medium failed to develop contracture in the presence of caffeine In normal medium, caffeine alone caused a slight decrease in [Ca] , as judged by the fura-2 signal. Removal of sodium in the presence of caffeine produced an increase in [Ca] , that was distinctly smaller than that observed in the absence of caffeine (580 ± 50 nM) (see Figure 6 ) The subsequent decrease in [Ca], was also markedly slower. Removal of both Na o and Ca 0 in the presence of caffeine failed to cause development of contracture. Thus, caffeine blunts or prevents development of the Na o -free contracture, presumably by depleting calcium stores associated with the SR. These results, then, support the view that exposure of cells to sodium-free or sodium-and calcium-free medium causes release of calcium from SR, resulting in a larger transient contracture and a larger increase in [Ca], compared with those observed in the presence of caffeine. Exposure of cells to sodium-free medium containing 20 mM caffeine without pretreatment with caffeine resulted in a large increase in [Ca] , similar to that observed with sodium-free medium alone, but the subsequent relaxation rate was markedly reduced.
To examine whether calcium influx via sodium-calcium exchange still occurs in the presence of caffeine, 45 Ca uptake by the cells was determined under conditions identical to those used for the contractility measurements ( Figure 6 ). Caffeine slightly reduced the initial rate of 43 Ca uptake under normal conditions (140 mM Na) but did not alter significantly the enhanced rate of 45 Ca entry produced by exposure of cells to sodium-free medium (compare Figure 7 and Figure 2) . Thus, although augmented calcium entry via sodiumcalcium exchange occurs in the presence of caffeine on exposure of cells to sodium-free medium, the above results support the view that calcium released from SR plays an essential part in the development of Na o -free contracture. The increase in [Ca], observed with fura-2 that occurs during sodium-free exposure in the presence of caffeine, presumably due to calcium influx via sodium-calcium exchange, is significantly smaller than the increase observed in the absence of caffeine In the case of Na 0 -and Ca o -free contracture, there seems little doubt that calcium release from SR is responsible for the contracture observed in this preparation The contribution by SR to Na o -free contracture also was studied using ryanodine, an agent reported to inhibit release of calcium from SR 25 Using an experiment protocol similar to that for the caffeine studies, the contribution of calcium released from sarcoplasmic reticuium in Na 0 -and Ca o -free contracture was examined Exposure of cells to Na 0 -and Ca o -free medium again resulted in an increase in [Ca], (Figure 8 ). Exposure of cells to 5 /JM ryanodine alone produced a small increase in [Ca] , (from 116 ± 9 to 136 ± 8 nM). Subsequent exposure to Na 0 -and Ca o -free medium in the continuing presence of ryanodine failed to elicit an increase in [Ca], (Figure 8 ). These findings are consistent with the view that the increase in [Ca] , produced by sodium-and calcium-free medium principally is due to calcium released from SR. These results also suggest that calcium released from SR contributes to the overall rise in [Ca] , produced by sodium-free medium.
Effect of Caffeine on Contracture Development and [Ca], During Relaxation
It has been observed previously that caffeine is able to elicit contracture during the relaxation phase following exposure of frog atrial muscle to sodium-free medium. 7 " A similar phenomenon in cultured chick ventricular cells was observed. 26 Since the results presented above are consistent with calcium release from SR during Na n -free contracture, the ability of caffeine to elicit a contracture during relaxation suggests that calcium may be resequestered by the SR calcium following its initial release. To test this hypothesis, the effect of caffeine after exposure to sodium-free medium was examined. If calcium were sequestered during the relaxation phase, calcium would be released again on exposure to caffeine and would result in an increase in [Ca] , as well as in contracture. When 20 mM caffeine was added to the perfusion medium after a 2-minute exposure to sodiumfree medium (Figure 9 ), caffeine produced a transient contracture in all cells tested. These caffeine-induced contractures were inhibited completely by 1 fiM ryanodine, which has been reported to inhibit release of calcium by SR These results indicate that calcium is taken up by sarcoplasmic reticuium after the initial release caused by sodium-free medium.
Effect of CCCP on Sodium-Free Contracture
Mitochondria are well known to accumulate calcium when the extramitochondrial calcium concentration is elevated 27 To examine the role of mitochondria in modulation of Na o -free contracture, carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a potent inhibitor of mitochondrial oxidative phosphorylation, was employed to prevent calcium accumulation by mitochondria. Exposure of monolayers to CCCP (2 /uiM) under control conditions produced a transient positive inotropic effect followed by a decrease in the amplitude of cell motion to approximately 10% of the control value. Exposure of cells to sodium-free medium containing 2 /xM CCCP resulted in a substantially greater shift in the end-diastolic position of the cell ( Figure 10 ). The rate of relaxation of the contracture was significantly reduced by CCCP. Similar phenomena were observed when cells were exposed to calcium-and sodium-free medium in the presence or absence of CCCP Virtually complete metabolic inhibition produced using a higher concentration of CCCP (20 £iM) plus 2-deoxyglucose (10 mM) caused complete cessation of spontaneous beating and was associated with more pronounced contracture and markedly decreased rates of relaxation In the presence of 2 fiM CCCP, fura-2 studies showed that removal of Na 0 caused a large increase in [Ca], followed by a slow decrease in [Ca],. After complete metabolic blockade with CCCP plus 2-deoxyglucose, a sustained large increase in [Ca], was observed. These results indicate that in the absence of mitochondrial calcium uptake and in the presence of metabolic inhibition, exposure of cells to sodium-free medium or sodium-and calcium-free medium causes a greater and more sustained elevation of cytosolic calcium concentration than occurs in the presence of an intact capacity for mitochon- Ca efflux into sodiumfree medium. CCCP (2 /xM) also did not significantly alter 45 Ca efflux in normal sodium medium. However, CCCP at a higher concentration (20 fM) with 2-deoxyglucose (10 raM) markedly reduced the rate of 45 Ca efflux such that at the end of a 1 -minute efflux period, 52% of 45 Ca remained in control cells while 73% of 45 Ca remained in CCCP-treated cells. These results support the view that calcium released intracellularly from SR stores during sodium-free exposure is taken up in part by SR and by mitochondria and is extruded in part by the sarcolemmal calcium pump Since 2 //M CCCP did not measurably alter calcium efflux, probably slower relaxation of the contracture signal in the presence of 2 JUM CCCP is principally due to inhibition of mitochondnal calcium uptake, although ATP depletion could inhibit SR sequestration as well.
Discussion
When cardiac muscle is exposed to sodium-free medium, contracture develops rapidly and is followed by a slow relaxation.
3 "-u-l5 The mechanism of the Na 0 -free contracture primarily has been attributed to augmentation of calcium influx via sodium-calcium exchange because of the strong dependence of tension on [Na] 30 also showed that in frog atrial muscle, calcium-free Ringer's solution containing 3 mM EGTA did not prevent the development of contracture when Na 0 was replaced with Tris They reported that the apparent threshold for tension in sodium-free medium was near 50 nM [Ca] 0 , suggesting that a small amount of calcium entry leads to the development of contracture in frog cardiac tissues under these conditions. In cultured chick ventricular cells, preexposure of cells to calcium-free medium appears to remove or alter a factor or factors that permit development of Na o -free contracture.
Our results suggest that sodium-calcium exchange may not be required to produce sodium-free contracture. Although lanthanum has been reported to inhibit sodium-calcium exchange in membrane vesicles isolated from rabbit ventricular tissues, 31 in cultured rat myocytes, 32 in squid axons, 33 and in cultured chick embryo ventricular cells, 16 the precise mechanism of action of lanthanum still is not clear. Coraboeuf et al 14 found that lanthanum potentiated sodium-free contracture in dog heart Purkinje fibers. Mead and Clusin 21 reported that in cultured chick heart cell aggregates, lanthanum caused release of calcium from SR and the potentiation of sodium-free contracture. These findings indicate that lanthanum may have an intracellular site of action. Under the conditions of our studies, although 1 mM La nearly completely blocked Ca uptake by the cultured chick heart cells, simultaneous removal of Na 0 still elicited contracture. It is possible, however, that a small amount of calcium, undetectable by our technique, entered the cell and caused the development of contracture. In cultured chick heart cells, lanthanum has been shown to have no significant effect on the initial calcium efflux rate but to decrease calcium efflux rate after approximately 1 minute. Therefore, the observed early effects of lanthanum on sodium-free contracture do not appear to be attributable to inhibition of sarcolemmal Ca-ATPase. However, the late effect of lanthanum on calcium efflux may contribute to the shift in the end-diastohc position of the cell.
Since lanthanum has been shown to displace calcium from cell surface sites, 32 some calcium previously present at cell surface sites or in the cell membrane accessible to lanthanum must have stimulated the development of Na o -free contracture. It is difficult to know whether calcium present at cell surface sites enters the cell via sodium-calcium exchange when cells are abruptly exposed to sodium-and calcium-free medium. That contracture was observed in the presence of dichlorobenzamil, which inhibited sodium-dependent calcium uptake, supports the view that calcium influx via sodium-calcium exchange is not required for sodium-free contracture. Since brief exposure of cells to calcium channel-blocking agents (verapamil, nifedipine, or cobalt chloride) did not affect the development of Na o -free or Na o -and Ca o -free contracture, we propose that exposure of cells to Na o -and Ca o -free medium somehow causes ingress via calcium channelblocker-insensitive pathways of calcium present in or near the cell membrane and accessible to lanthanum or EGTA. The calcium released then induces further calcium release from SR causing an increase in cytosolic calcium concentration and contracture development (see below). Presence of calcium in the extracellular medium would enhance calcium influx via sodiumcalcium exchange in addition to calcium release from cell membranes sites and would result in increased levels of [Ca] , and magnitude of contracture during exposure to sodium-free medium ( Figure 1 ). It is possible that the contracture produced by sodium-and calcium-free medium is due to release of calcium from the SR independent of the prior calcium release from the lanthanum-accessible cell surface sites. However, the finding that no contracture or increase in [Ca] , is observed in cells preexposed to calcium-free medium despite the presence of caffeine-releasable calcium in the SR suggests that calcium bound to cell surface constituents plays an important role in the development of Na 0 -and Ca-free contracture
Role of Sarcoplasmic Reticulum in Na o -Free Contracture
Two well-defined intracellular organelles that are capable of calcium sequestration are the SR and mitochondria To investigate whether calcium release from SR is an important contributor to Na o -free contracture, cells were pretreated with caffeine to deplete the SR of calcium 24 -34 and subsequently were exposed to sodium-free medium. Experiments with caffeine and ryanodine indicate that calcium released from SR contributes importantly to the rise in fCa]; and also to the development of contracture produced by sodium-arid calcium-free medium.
The effect of caffeine on Na o -free contracture would be expected to depend on the extent to which the SR contributes to excitation-contraction coupling. For example, SR of frog heart muscle contributes minimally to supply calcium to the contractile proteins, while that of rat heart muscle plays a major part in calcium supply. 35 This may help to explain the lack of effect of caffeine on Na o -free contracture in frog heart 36 in contrast to a significant effect of caffeine in ferret. 15 The results of Bers and Ellis 5 indicate that in sheep heart Purkinje fibers, the rise in [Ca] , and contracture observed during exposure to low sodium medium is not dependent on SR calcium stores. Rather, their results suggest that the SR in this tissue sequesters calcium from the cytosol to lower [Ca], Allen et al 13 found in ferret ventricular muscle that caffeine blocked the increase in aequorin light signal produced by removal of Na o , suggesting that the rise in [Ca] , was due to release of calcium from the SR. The observed changes in [Ca] , as judged by trie aequorin light signal in ferret ventricular muscle must be interpreted with caution, however, since only a small fraction of superficial cells of the tissue were injected with aequorin. The aequorin light signal obtained from the limited population of cells sampled may not accurately reflect the contracture signal generated by the whole tissue In addition, the nonlinear nature of the calcium-aequorin interaction as well as the presence of light signal oscillations complicate the aequorin signal interpretation. Thus, the results of Bers and Ellis 5 and Allen et al 15 may be less discrepant than they initially appear.
In the experiments described here, fura-2 was used to measure changes in [Ca] , in monolayers of cultured chick ventricular cells. Since all the cells are loaded with fura-2 and cell motion measurements are made using an identical monolayer of cells, the changes in [Ca] , as judged by the fura-2 signal can be directly correlated with the changes in cell motion. Our results indicate that the rise in [Ca] , during removal of Na 0 is due to release of calcium from a cell membrane component or components to the cytosol, which appears to release calcium from the SR. In our experiments, caffeine-or ryanodine-induced changes in contracture signals and [Ca] , indicate that in cultured chick ventricular cells, the sarcoplasmic reticulum sequesters calcium after its initial relatively rapid release from the SR. Thus, qualitative as well as quantitative differences in changes in [Ca] , and contracture signals during Na 0 removal seem to be present in experimental preparations from different species
Role of Mitochondria in Sodium-Free Contracture
In addition to SR, mitochondria have the capacity to accumulate calcium and to exchange calcium for sodium. 2737 Reduction of ambient [Na] leads to increased calcium accumulation by mitochondria.
37 38 Increased transsarcolemmal calcium influx during sodium-free contracture, with consequent increase in cytosolic calcium, thus would be expected to enhance mitochondnal calcium uptake. In addition, the decrease in intracellular sodium activity produced by exposure to sodium-free medium would be likely to increase calcium uptake by mitochondria as a result of the sodiumdependent calcium flux pathway present in the mitochondrial membrane. 37 Our results are consistent with an appreciable calcium-accumulating capacity of mitochondria. Similar observations were made by Allen et al, 15 but the metabolic inhibition conditions used (2 mM cyanide plus 10 mM deoxyglucose) in their study block glycolysis as well as oxidation phosphorylation and thus allow no dissection of the involvement of mitochondria alone. The CCCP-induced changes in [Ca] , and in contracture and relaxation signals observed here suggest that mitochondria play a significant role in the relaxation phase of Na o -free contracture, although associated changes in intracellular ATP and creatinine phosphate stores complicate the interpretation of these findings. Marked metabolic inhibition by high concentrations of CCCP (20 jixM) and 2-deoxyglucose reduced cal-cium efflux presumably mediated by the sarcolemmal Ca-ATPase; this reduction was associated with greater sodium-free contractures and sustained increases in [Ca] , Since CCCP and 2-deoxyglucose do not produce rigor due to ATP depletion in cultured chick heart cells, 40 probably the contracture produced by sodiumfree medium principally was due to an increase in cytosolic [Ca] r These results support the view that the relaxation phase is due, at least in part, to calcium extrusion via sarcotemmal Ca-ATPase, as suggested previously. 41 42 In addition to changes in calcium homeostasis involving SR and mitochondria, removal of Na 0 reduces intracellular pH as a result of altered sodium-hydrogen exchange •"• M Changes in pH, have been suggested to influence transarcolemmal calcium movement 45 ' 46 as well as calcium handling by the SR and calcium interaction with contractile proteins. 47 Therefore, it is likely that intracellular acidification produced by exposure of cells to sodium-free media further modifies the time course and the strength of the Na o -free contracture and the subsequent relaxation Since a decrease in pH, is associated with reduced contractile state, the contracture signal during sodium-free perfusion is probably smaller than that expected in the absence of a reduction in pH,.
We conclude that in cultured chick ventricular cells, sodium-calcium exchange, sarcoplasmic reticulum, mitochondria, and the sarcolemmal Ca-ATPase are all involved intimately in the control of [Ca] , and of the magnitude and duration of contracture during sodiumfree exposure. Calcium influx via sodium-calcium exchange augments and probably triggers the contracture signal, but sarcoplasmic reticulum with intact calcium stores is required for the development of sustained sodium-free contracture Calcium appears to be released from SR stores even in the absence of Ca 0 , presumably due to influx of (lanthanum-displaceable) calcium from cell surface sites and then is taken up in part by mitochondria and by SR. The relaxation subsequent to initial contracture primarily is due to calcium sequestration by sarcoplasmic reticulum and mitochondria, augmented by ATP-dependent calcium efflux mechanisms, including the sarcolemmal calcium pump.
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